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Coastal mangrove forests provide a broad array of ecosystem services including fisheries production, sediment regulation, wood production and protection from storms and tsunamis. Similarly, peat swamp forests harbour a diverse range of flora and fauna, regulate water regimes and store large amounts of carbon deposited in organic materials below the ground. In Southeast Asia, the conversion rates of mangrove to other land uses, such as shrimp farms and settlements, are among the highest for any forest type. Furthermore, the conversion of peat swamp forests to oil palm and pulp wood plantations and the associated fires have been the main sources of greenhouse gas (GHG) emissions in the region during the past decade.
With deforestation accounting for around 17% of global anthropogenic GHG emissions, the upcoming global mechanism known as Reducing Emissions from Deforestation and forest Degradation (REDD+) provides an important climate change mitigation option. This scheme offers economic incentives for conserving forests and associated carbon (C) stores in developing countries. Mangrove and peat swamp ecosystems are well suited to such strategies. However, although their high rates of C assimilation and export (fluxes) are known, their total C storage-the amount that may be emitted upon conversion-has not been well quantified.
We measured total ecosystem C storage (above and below ground) in mangrove ecosystems in North Sulawesi, Central Kalimantan and Central Java, Indonesia. We assessed variations in mangrove C-pools along transects running inland from the ocean edge, as well as their vulnerability to sea-level rise and land use. In addition, in Tanjung Puting National Park, Central Kalimantan, we sampled both the total aboveground biomass and the belowground peat horizons to ascertain total ecosystem C-pools.
Summary
Our measurements show that total carbon storage in mangrove ecosystems is exceptionally high compared with most forest types, with a mean of 968 Mg C ha -1 and range of 863-1073 Mg C ha -1
. These carbon stocks result from a combination of large-stature forest (trees up to ~2 m in diameter) and organic-rich peat soils to a depth of 5 m or more. Aboveground C-stocks vary widely depending on stand composition and history, but belowground pools comprise a large portion of ecosystem C storage in most sites. Although mangrove composition is often stratified with distance from the ocean edge, C storage does not vary consistently along this gradient.
Ecosystem C-pools at Tanjung Puting exceed 1000 Mg ha -1 in many of the sampled locations. All sampled stands had a depth to mineral soil of less than 1 m, with a mean peat depth of 45.5 ± 6.8 cm. Mean total C-stock was 894.3 Mg C ha -1 , with a range of 558-1213 Mg C ha -1 . It should be noted, when considering these estimates of ecosystem pools, that peat depths of tropical peat swamp forests may be as much as 20 m (with an average depth of 3-5 m). Projected rates of sea-level rise (~1 cm yr -1 over the next century) are ~5-10 times higher than typical mangrove sediment accrual rates (1-2 mm yr -1 ), suggesting high susceptibility and a potential positive feedback via loss of C-stocks. Thus, the combination of very high C-stocks, susceptibility to land use activities and numerous ecosystem services makes tropical mangroves ideal candidates for REDD+, particularly if climate change mechanisms can be applied to promoting synergies between adaptation to climate change (e.g. local migration) and mitigation.
Introduction

Background
Tropical mangroves and peat swamp forests provide numerous ecosystem services, including nutrient cycling, sediment trapping, protection from cyclones and tsunamis, habitat for numerous organisms (many economically important) and wood for lumber and fuel (Ellison 2008) . Among the most important of these functions-but poorly quantified-is ecosystem carbon (C) storage. The estimated carbon stored in these ecosystems is so large that it makes mangrove and peatland important for climate change mitigation. However, these econsystem are especially vulnerable to climate and land use change.
The region comprising Southeast Asia and the western Pacific Islands (the Indo-Pacific) is the global epicentre of mangroves and tropical peat swamp forests (FAO 2007; Hirano et al. 2007) . Approximately 40% of the world's mangroves, or 6 million ha, occur in this region alone. Standing biomass per area reaches higher values than in any other locale (Komiyama et al. 2008) . In addition, Southeast Asia has 25 million ha of peatlands, which is 60% of all tropical peatlands. Because mangroves and peat swamp forests have high root-shoot ratios and occur on organic-rich soils several metres deep (Fujimoto et al. 1999; Page et al. 2002; Komiyama et al. 2008) , total C storage in these ecosystems may be among the largest forest C-pools on Earth. However, data quantifying these globally significant carbon stores are lacking.
Mangrove forests also provide important coastal protection. Following the unprecedented Indian Ocean tsunami on 26 December 2004, mangrove forests were considered to have been the most important coastal tree vegetation along the coast of Tamil Nadu, India; they had helped lessen damage caused by waves (Danielsen et al. 2005) . In a more systematic study of mangroves, Alongi (2008) found that in some circumstances mangroves can offer limited protection from tsunamis, as the magnitude of energy absorption strongly depends on tree density, stem and root diameter, shore slope, bathymetry, spectral characteristics of incident waves and tidal stage upon entering the forest. Alongi also explores the role of mangroves in responding to various climate-related hazards such as increased precipitation, increased temperature and rise of sea level. Southeast Asia's tropical forests are experiencing the highest rate of deforestation worldwide (Langner and Siegert 2009; Gibbs et al. 2010) . Between 1980 and 2005, ~25% of the region's mangroves were logged and converted to other land uses such as commercial aquaculture operations (FAO 2007) . Lowland peat forests are also being logged and converted, experiencing still sharper declines (e.g. >56% loss in protected areas from 1985 to 2001; Curran et al. 2004) , with some projections that these forests could be entirely consumed within a decade (Jepson et al. 2001) . Because large quantities of carbon are released to the atmosphere when these forests are cleared and converted (Murdiyarso and Adiningsih 2007) , this deforestation has significant implications for global climate change. For example, owing largely to forest conversion, Indonesia has become the world's third largest emitter of CO 2 behind industrialised USA and China (IPCC 2007) . Although some regulations are in place to limit deforestation in Southeast Asiasucceeding in slowing the rate of decline slightly in recent years-local socio-economic factors continue to lead to rapid forest losses (Kanninen et al. 2007) .
With deforestation accounting for almost 17% of global carbon emissions, conserving existing forest has been suggested as one of the least expensive options for mitigating human-induced climate change. Thus, Reduced Emissions from Deforestation and forest Degradation (REDD+) in developing countries has emerged as a likely component of the next international policy effort addressing climate change, to be implemented when the Kyoto Protocol expires in 2012 (Kanninen et al. 2007) . This programme would offer economic incentives for conserving forests and associated C-stocks, intended to offset the short-term economic factors that promote deforestation.
However, the viability of such a programme depends heavily on having sound information on carbon storage in various forests, and how much C may be released when these forests are converted. According to Kanninen et al. (2007;  see also Angelsen 2008; Angelsen et al. 2009 ), the design and implementation of REDD+ strategies must be informed by highquality, independent research if they are to succeed. Research is vital to ensure that the inclusion of forests in a future climate protection regime is efficient and effective and reflects the interests of forest-dependent people in developing countries.
Because of their large carbon stores, Indonesian mangroves and peat swamp forests would make ideal candidates for REDD+ strategies. However, information on whole-ecosystem carbon storage is lacking for these forests. At the same time, a competing land use has already reached the policy sphere: early in 2009, the Government of Indonesia through the Ministry of Agriculture enacted a regulation allowing the development of oil palm plantations on peatlands that are less than 3 m deep.
This kind of policy-driven land use decision raises two fundamental questions:
• How should scientific information on carbon dynamics in peatlands be used to inform policy?
• How can sound environmental motives be balanced with sustainable development objectives, assuming that economic reasons for a decision are based on properly assessed opportunity costs?
Objectives
The primary objective of this study was to fill a critical information gap by working with local forestry professionals to quantify/monitor C-pools in mangroves and peat swamp forests in Indonesia. This objective may be broadened to attract the attention of the global community while promoting locally wise use of these ecosystems by:
• quantifying ecosystem C-pools of tropical mangrove and peat swamp forests in Indonesia that are highly vulnerable to climate change and land cover change;
• providing information on carbon dynamics to international processes such as the Intergovernmental Panel on Climate Change (IPCC) and the UN Framework Convention on Climate Change (UNFCCC) on these relatively understudied forest types;
• assessing options for managing C-pools of tropical mangrove and peat swamp forests in Indonesia; and
• providing information necessary in the development of REDD+ strategies for mitigating climate change and adaptation strategies for future climate regimes.
To achieve these objectives, a measurement campaign was carried out. This study was intended to establish a framework for more extensive research sites to capture a broader (regional) context of the issues and challenges.
The studies were carried out in three contrasting mangrove ecosystems, representing marine or oceanic mangroves in North Sulawesi (Bunaken National Park), river delta mangroves in Central Kalimantan (Tanjung Puting National Park) and lagoon-associated mangroves in Central Java (Segara Anakan). In addition, a riverine peat swamp ecosystem in Tanjung Puting National Park was studied (see Figure 1 ).
Bunaken National Park 1
Bunaken National Park is located in the province of North Sulawesi, covering 79 056 ha of land and marine areas. The park consists of two sections: (1) the northern section, which encompasses five islands (Bunaken, Silaken, Manado Tua, Mantehage and Nain) and the coastal area called the Molas-Wori Coast; and (2) the southern section, which spans the Arakan-Wawontulap Coast (see Figure 2 ).
Climate, geology and soils
The area experiences monsoonal wet and dry seasons (November-April and May-October, respectively 
Study sites
Representative soil types for mangroves sampled in the northern section were taken from Mantehage Island, which has a beach land system composed of mainly young alluvial soils. The island is distinguished by extensive mangrove forest flats, which are partially separated by salt water channels. The coastal area in sampled portions of the southern section of the park is dominated by an intertidal land system. There is also an extensive riverine sediment land system found in this area, which forms extensive mud-sand plains. This type of soil is the supporting factor for mangrove development in this section of the park.
The park has a unique bathymetry, which is one attraction for divers. The absence of a continental shelf in the northern part of North Sulawesi allows the coastal area of the park to drop directly down the continental slope. The sea depth between the islands of the park ranges between 200 m and 1840 m.
Flora
The trees most commonly found on the shoreline of the park are mangroves, locally known as bakau, which can tolerate saltwater or salty soil. Other common trees are bitung (Barringtonia asiatica), a waxy-leafed tree with large, sweet-smelling white flowers; pandan (Pandanus sp.); and ketapang (Terminalia catappa), which local people grow as a shade tree. There are also several species of beach grass and low creeping vines. Tree sampling was carried out in the extensive mangrove forests found on Mantehage Island and in the Molas-Wori and Arakan-Wawontulap coastal areas. Mangrove species in most of the park tend to be short-stature oceanic mangroves. Although some species can grow as tall as 40 m, most reach a height of only ~10 m.
Twenty-nine species of mangrove tree are found in Bunaken National Park. The dominant species are Rhizophora sp., Avicennia sp. and Sonneratia sp. Local people use mangrove trees for their daily needs, such as for construction materials, structural support for seaweed farming, firewood, fish traps and traditional medicines. Much of the mangrove forest degradation in Mantehage is due to people cutting mangrove trees to sell as firewood in Manado.
Transects were established in six locations representative of the island and mainland mangrove formations in the northern and southern sections of the park (see Figure 2 ). Most of these transects sampled short-stature oceanic mangroves in a variety of different soil types and parent materials.
Tanjung Puting National Park
Tanjung Puting National Park is located on the southern tip of Central Kalimantan, bordered by Java Sea to the west and south, Sekonyer River to the north and Seruyan River to the east. It is between the districts of Kota Waringin Barat (whose capital city is Pangkalan Bun) and Seruyan (whose capital city is Kuala Pembuang). The two main rivers, Kumai and Seruyan, are very important for transportation and the area's economy ( Figure 3 ).
The park, which covers an area of around 400 000 ha, lies on alluvial and mostly peat swamp plains, as indicated by the black tannin-rich waters in most river tributaries. The park is divided into dryland forest, peat swamp forests, heath forests, mangrove forests and sandy beaches.
In the dryland areas, which cover around 30% of the park, dipterocarp species such as Shorea spp. are commonly found. Also present are Myristica sp., Lithocarpus sp., Castanopsis sp., Koompassia sp. and Scorodocarpus sp. The park is a world icon for orangutan (Pongo pygmaeus) rehabilitation and conservation efforts and is home to the world's single largest population of orangutan (around 6000). It is also home to 220 species of birds, 17 species of reptiles and 29 species of mammals, including long-nosed monkey (Nasalis larvatus), long-tailed macaque (Macaca fascicularis), agile gibbon (Hylobates agilis), grey gibbon (Hylobates muelleri), red leaf monkey (Presbytis rubicunda) and Malayan sun bear (Helarctos malayanus).
Oil palm expansion, initiated by the private sector and local governments in the name of economic development, is challenging local forest conservation efforts. It is understood that there has been no open dialogue between these parties and the local communities whose livelihoods depend on the forests and the services they provide, including non-timber forest products, watershed protection and other goods and services.
Local NGOs led by Orangutan Foundation International (OFI) have proposed to the Indonesian Ministry of Forestry that the area between the eastern border of the park and Seruyan River be designated as a buffer zone, and that plans to expand oil palm plantations in that area be cancelled. Should the central government approve the buffer zone, the park's legal status would be strengthened, which would eventually generate economic benefits for the local community through ecotourism and sustain wildlife sanctuaries. Part of the proposed area has been developed as a REDD+ pilot and recently successfully completed third-party dual validation under the Voluntary Carbon Standard Guidelines (Rainforest Alliance 2009; Bureau Veritas Certification 2010). This is the world's first new Avoided Planned Peatland Conversion Methodology, which is a significant step towards protection of peatland ecosystems in Indonesia.
The field measurements were carried out in five transects representative of mangrove forests and another five transects representative of peat swamp ecosystems (see Figure 3 ). All field measurements were conducted with support from local NGOs (Orangutan Foundation Indonesia and World Education) and National Park Office field staff.
Segara Anakan ecosystem
The Segara Anakan ecosystem is the only lagoonmangrove complex in Java. Historically, the ecosystem was highly productive, supporting economically important coastal fisheries. However, due to high rates of erosion upstream and heavy sedimentation, the lagoon has rapidly filled, with mud flats and swampy lands now dominating the lagoon and causing a decline in productivity (Figure 4) . Mangrove destruction also is threatening the Segara Anakan fishery. Fisheries dependent on mangroves could disappear within 5 to 10 years if destruction is sustained at the high rate observed in 2000 (Dudley 2000) . Mangrove management is critical for the success and survival of the Segara Anakan fishery.
In the Segara Anakan lagoon, 21 tree species and 5 understorey genera have been identified (Hinrichs et al. 2009 
Field sampling
In each sampled forest ecosystem, a transect arranged perpendicular from the river or coast shoreline was established with no a priori knowledge of forest composition or structure. Six plots were established along the transect at 25-m intervals (see Figure 5 ). Measurements and collection of trees, saplings, woody debris, understorey/litter and soil were conducted as described below.
Trees
The diameter at breast height (dbh = stem diameter at 137 cm above the ground) of each tree was measured, in 6 circular plots with a radius of 7 m in mangroves and 10 m in peat swamps. Trees include all living woody stems with dbh ≥5 cm, and any dead woody stem (snag or stump) with dbh ≥5 cm provided its angle from true vertical is less than 45°. Data on species, dbh, live/dead and height if dead or broken were recorded for all individuals.
Saplings
Woody stems with dbh <5 cm, known as saplings, were recorded in the same way as for trees, but with a sampling radius of 2 m in each plot.
Woody debris
• Woody debris is defined as follows.
-Any dead woody material (twigs, branches or stems of trees or shrubs) that has fallen and lies within 2 m of the ground. Leaning snags that form an angle of > 45° from true vertical are also included. The piece must be in or above the litter layer to be included; it is not included if its central axis is buried in soil at the point of intersection.
-Uprooted stumps and roots not encased in soil.
-Dead branches and stems still attached to standing trees or shrubs are excluded. • The planar intersect technique (see Harmon and Sexton 1996) involves counting intersections of woody pieces with a vertical sampling plane.
Methods
• A survey tape is run 12 m from the plot centre in each of 4 directions, oriented at 45° angles from the main transect line. Woody debris intersecting the transect plane is recorded to a height of 2 m above the forest floor.
• CWD (coarse woody debris; pieces ≥ 7.6 cm in diameter) is recorded for its actual piece diameter and decay status (sound or rotten) along the entire 12-meter transect. FWD (fine woody debris; pieces < 7.6 cm in diameter) is sampled along subsections of each transect starting from the distal end and working towards the plot centre. Hundred-hour fuels are sampled along 10 m of transect, 10-hour fuels along 5 m of transect and 1-hour fuels along 2 m of transect. FWD is tallied by size class as follows:
1. 0-0.6 cm (1-hour fuels)
2. 0.6-2.5 cm (10-hour fuels) 3. 2.5-7.6 cm (100-hour fuels)
To determine mean down wood densities, a one-time collection was made of ~20-25 pieces of each woody debris class. Each piece was measured for volume using the water mass displacement method and ovendried to obtain dry mass; these values were then used to compute particle density.
Understorey and litter
• Understorey is defined as all standing vegetation matter that does not reach breast height (130 cm). This includes all aboveground biomass of shrubs, tree seedlings, herbs and non-vascular plants. It does not include branches attached to saplings or trees. Litter on the forest floor is defined as the surface detritus and recognisable organic matter that lies on top of the mineral soil, excluding fragments of wood.
• Litter sampling consists of a 0.46 × 0.46 m square (using a folding ruler), placed 2 m beyond each plot centre along the site-transect line. Qualifying material within this section was collected and placed in a collection bag for drying and weighing in the laboratory.
Idul from Orangutan Foundation International measures diameter of breast height (DBH) as one parameter for estimating carbon stock.
• As most mangroves have little to no litter, contributing negligible biomass (Snedaker and Lahmann 1988) , litter collection was restricted to peat swamp forests.
Soil
• Mangroves and peat swamps often have an organic-rich soil layer for the first ~0.5-5 m of soil depth, with a rather abrupt boundary to mineral soils or sands underneath (especially in oceanic stand types). Three measurements were obtained to determine total soil organic carbon: organic soil depth (to obtain soil volume per area), bulk density (to obtain soil mass per area) and % organic carbon (OC) (to convert mass per area to C per area).
• Soil depth was measured at three separate locations around each plot centre. Depth was measured using a soil auger and an aluminium probe. The probe was capable of measurements to 3 m; it was inserted vertically until the sand layer was felt, and the depth then recorded. If the probe did not encounter sand, the depth was recorded as >300 cm and calculations were based on the top 300 cm of soil only (yielding a conservative estimate of soil C storage).
• A core sample was taken at each plot with a steel open-faced peat auger with a 1-m extension handle. Five 4-cm subsamples were collected, representing depth intervals 0-15, 15-30, 30-50, 50-100 and 100-300 cm. These cut-offs are based approximately on one of the few descriptions of soil horizons in Indo-Pacific mangroves (USDA 1983) . Depth intervals in peat swamps were more variable depending on the arrangement of each plot's peat and mineral horizons. Typically the subsample was taken from just above the mid-point of each depth interval, but this rule was applied flexibly in order to obtain a good, undisturbed sample.
• Coarse roots were avoided with the auger and by 2-mm sieving in the laboratory. Fine roots (<2 mm) passing through the sieve were considered part of the sample.
• Peat swamp soils were sampled using similar methodology, but due to shallow peats, sampling and inference were restricted to the top metre below the soil surface, including both peat and mineral horizons.
Sample analysis and allometric computations
Our general approach was to use well-established, relevant computational techniques from the literature to obtain the most accurate C-stock estimates possible (e.g. Pearson et al. 2005 Pearson et al. , 2007 . Where multiple, equally valid techniques were available, the more conservative option was selected in order to support a generally conservative estimate of C-stock. Tree and sapling data were entered into allometric equations to estimate biomass per individual.
For mangroves, we used allometric equations from Kauffman and Cole (in press), which are specific to the species/genera and size range (>100 cm dbh) encountered in this study. Other mangrove allometries generally derive from trees <50 cm dbh and thus lead to inflated biomass estimates for large trees. Wood densities used in allometric computations came from species-and region-specific tables where possible (e.g. Oey 1951 cited in Soewarsono 1990 Hidayat and Simpson 1994; Simpson 1996) ; genus averages were applied otherwise. We used Clough and Scott (1989) for mangrove leaf computations. All computations included the Baskerville (1972) correction for log-transformed equations.
Tree coarse root mass was estimated using equations summarised in Komiyama et al. (2008) . Fine roots <2 mm diameter, which were included in soil C estimates, were subtracted from the root mass numbers using fine/coarse root ratios summarised in Cairns et al. (1997) and Chen et al. (2004) . Stilt roots of Rhizophora spp. were included as part of aboveground biomass rather than belowground, per Kauffman and Cole (in press).
For peat swamp forest trees and saplings, we used the general aboveground biomass equations for wet tropical forests in Chave et al. (2005) , belowground allometries in Cairns et al. (1997) and species-, genusor site-specific wood densities.
Dead trees were assumed to have no leaf biomass and an average of 30% density loss above and below ground due to decay. Broken-stemmed dead trees were conservatively modelled for volume as a modified cylinder of 0.8 πr 2 .
Understorey vegetation mass per area was obtained by oven-drying the samples to constant mass and dividing by the sample area. Where samples were large, subsamples were used to determine moisture content.
Woody debris mass per area was obtained by entering diameters or tallies into the planar intercept volume equation (see Harmon and Sexton 1996) , and then multiplying by wood density to convert into mass. All of the biomass estimates were converted to carbon mass using a conservative conversion factor of 0.464 g C per 1 g of biomass.
Soil samples were dried to constant mass at 60 °C, and the final mass used to compute bulk density by dividing by sample volume. (We determined that bulk density estimates derived from drying mangrove soils at 60 °C were within 1% of those derived at 105 °C.) Samples were then analysed at the Agricultural University of Bogor (IPB) analytical laboratory for OC content using the combustion method (700 °C), after pretreatment to remove carbonates (see Schumacher 2002) . Soil % OC content was then multiplied by soil bulk density and soil depth to obtain total soil C storage per unit area.
Our field team collects organic material and soil samples using a specially designed peat auger.
Sonneratia sp. grow along the northern coast of North Sulawesi. The height of these species indicate that most of this ecosystem's carbon is stored below the ground.
Mangrove ecosystems
Ecosystem C-stocks of sampled mangrove forests ranged from 437 Mg C ha -1 to 2186 Mg C ha -1 (Table 1 ). The overall mean ecosystem C-stock across the three study sites was 993.3 Mg C ha -1
. This C storage is exceptionally high compared with upland tropical forests -which typically store between 150 and 500 Mg C ha -1 (e.g. Murdiyarso et al. 2002) -and is perhaps second only to the renowned C-stocks of peat swamp forests (e.g. Page et al. 2002) .
The river delta mangroves of Tanjung Puting National Park, Central Kalimantan, contained the largest mean C-stocks of all sampled sites at 1220.2 Mg C ha Dividing trees into diameter classes revealed that stands in Segara Anakan lagoon had the lowest aboveground carbon (AGC) because of the absence of trees with diameters >5 cm. The AGC of stems >35 cm in Tanjung
Above and belowground biomass and C-stocks
Puting National Park was larger than that in Bunaken National Park. Tanjung Puting National Park had the highest AGC of the three sites ( Figure 6 ).
Trees generally dominated aboveground C storage, but down wood was significant in some stands, most notably in Bunaken (Table 1) . Although aboveground pools were up to 200 Mg C ha -1 at the stand scale, belowground pools comprised the majority of ecosystem C-pools, accounting for 72%-99% of the total. Soil depths, a major determinant of overall C storage, ranged from 35 cm to more than 3 m, which was the limit of our sampling tools and therefore our inference. Some 54% of all sample plots had depths >3 m. The deepest soils were in the deltaic deposits of Tanjung Puting (all measured stands had >3 m depth), and the shallowest were in Bunaken (mean = 1.22 m); Segara Anakan was intermediate with a mean depth of 2.11 m.
Ecosystem C-pools and soil depths did not vary consistently with distance from the ocean edge (Figures 7 and 8) , although there was a tendency for larger total C-stocks in stands >50 m inland (1051 ± 73 Mg C ha The results clearly indicate that C-pools from dead biomass and roots tend to be relatively small (typically less than 5% of the total biomass). This suggests that, for accounting purposes, they may be negligible.
Riverine peat swamps: Tanjung Puting National Park
Ecosystem C storage in riverine peat swamp forests of Tanjung Puting National Park was high despite relatively shallow peat. All sampled stands had a depth to mineral soil of less than 1 m, with a mean peat depth of 45.5 ± 6.8 cm. Nevertheless, mean total C-stock was 894.3 Mg C ha -1 , with a range of 558.1 to 1213.3 Mg C ha -1 (Figure 9 ).
Aboveground pools were fairly consistent at ~200 Mg C ha -1 and primarily composed of tree biomass, but belowground pools were again dominant at 63%-82% of total ecosystem C-stock (Figure 9 ). Because aboveground C-pools were relatively constant, most variation in ecosystem C storage was due to variation in peat soil characteristics, especially peat depth (Figure 10 ).
One reason that ecosystem C-stock was high despite shallow peats is that peat bulk densities were higher than those reported for most tropical peats, with a mean of 0.46 g cm . This may be due to mixing with mineral soils associated with seasonal flooding in these riparian stands. Indeed, OC concentrations in the peat averaged 25.4%, which is substantially lower than for most Southeast Asian peats (~40%-60% C), supporting the hypothesis of mixing with mineral matter. The soil C concentrations of the horizons below the peat layers were also relatively high.
There was no strong sign of variation in C-pools with distance from the river (Figure 11 ). Neither
One corner of peat swamp forest in Tanjung Puting National Park, Central Kalimantan, Indonesia aboveground nor belowground pools showed systematic changes along this gradient. It is uncertain whether this trend may manifest over further distances inland; this likely depends on the presence and nature of any peat dome. Across all 30 plots in Tanjung Puting National Park, we measured a total of 2390 trees, representing 55 species in 29 families. In term of species diversity, the Shannon-Wiener diversity index and Thompson's diversity index were 3.29 and 0.94, respectively; as both these values are high compared with other swamp forest ecosystems, the diversity of the distribution of individuals across species can be described as relatively high in this area. The distribution of tree diameters revealed a typical reverse J-shaped pattern. Approximately 60% of trees have a dbh of less than 10 cm (Figure 12 Rengas (Gluta wallichii), has a high importance value index (IVI) and is frequently found in peat swamp ecosystems. The most important species in the surveyed area was Ganua motleyana with an importance value index (IVI) of 57.8%, followed by Gluta wallichii, Pternandra azurea, Diospyros maingayi and Ixora tenelliflora with IVIs of 31.6%, 19.3%, 12.2% and 12%, respectively (Figure 14) . Forty-five species combined account for a total IVI of 123%. Diospyros buxifolia, Macaranga pruinosa, Santiria laevigata, and Elaeocarpus angustifolius, which were each represented by only a single individual, accounted for 0.2% of the IVI. Detailed IVI values sorted in descending order, followed by number of trees, basal area, wood density and aboveground carbon of trees, are given in Appendix 1.
The most important species, Ganua motleyana, had the highest AGC of 62.2 Mg/ha. Although Ixora tenelliflora has a lower IVI than Pternandra azurea, its AGC is twice as high because of its higher BA and wood density. However, in general, increases in IVI correspond strongly with increases in AGC (Figure 15 ). Keeping mangroves and peat swamp forests intact has been a difficult challenge in Indonesia. Because developing and rehabilitating such ecosystems are not easy tasks, an incentive system to conserve these carbon-rich systems is urgently needed. There is a great need to raise awareness of the issue and at the same time to build partnerships among stakeholders.
Mangrove ecosystems
Mangroves provide a natural physical barrier against soil erosion, tsunamis and storm surges. The threat of sea-level rise is quite prominent for small islands and low-lying coastal zones (IPCC 2007) . Therefore, conserving and restoring mangrove areas should be mainstreamed into coastal development agendas as a strategy for adapting to climate change.
In terms of marketable ecosystem services, mangroves also filter chemical and organic pollution from the water, which keeps the waters on reefs and seagrass beds cleaner. There has been scant monetisation of such regulating services, but these could potentially finance conservation activities.
Other co-benefits of maintaining mangroves are their function as a nursery for juvenile fish and shrimp as well as habitat for crabs, oysters, clams, estuarine crocodiles and snakes. Seabirds and fruit bats use mangroves as resting and breeding grounds.
Implications for climate change mitigation and adaptation
Rhizophora sp. grow to a low height in oceanic mangrove ecosystems in North Sulawesi. They protect the coastal zone from marine erosion.
Sustaining and restoring standing mangroves would continue the flow of these important ecosystem services.
Local communities also benefit from mangroves, which they use for building materials, food, fuel and medicine. Mangrove ecosystems have an even bigger role in aiding communities to adapt to multiple stressors associated with global environmental change. Denuded mangroves could be restored by involving communities whose livelihoods depend on them.
Mangroves appear to be one of the most carbon-dense types of tropical forest on Earth, possibly second only to peat swamp. Indonesia has more mangroves than any other country, and their land area adds another 3 Mha to the existing peat area (around 22 MHa) in Indonesia. Mangroves are an important deep-organicsoil forest type that could benefit from REDD+ and should be considered among strategies for climate change mitigation.
Peatland ecosystems
Most forest conversions planned in the early 1980s were located in peatlands (Murdiyarso and Lebel 2007) . Deforestation of peat forests greatly increased greenhouse gas (GHG) emissions from Indonesia in the past decade. Contributing to the large land-based emissions were large-scale drainage of peatlands, fires and vegetation clearing (Page et al. 2002; Hooijer et al. 2006) .
However, there is significant uncertainty associated with emissions and other factors required to estimate system-wide emissions from peatlands. Such factors will eventually be needed for carbon accounting when benefits from conserving carbon are negotiated in fund-and market-based mechanisms. Reducing these uncertainties to develop reference levels and to project future emissions/sequestrations will make carbon trading in peatlands more attractive.
REDD+ policies have great potential to aid conservation of peatland ecosystems, which may be Converted peatlands near Tanjung Puting National Park for oil palm plantations.
especially effective candidates given their extremely high carbon stores. Incentives should be created to encourage stakeholders to conserve carbon in the same landscapes in which they are entitled to exploit timber.
To date, the accounting methodology is lacking credible numerical estimates of land conversions (activity factors) and GHG emissions and removals (emission factors). Consequently, default values are used, which leads to inaccuracy. This makes carbon trading unattractive for both buyers and sellers.
Although this exercise was not intended to provide comprehensive information about peatlands and related emissions, it is does create better understanding of the need to prioritise the use of stratified sampling based on peat depth and peat formation.
Measurement campaigns of C-stocks in mangrove and peatland ecosystems provide a basis for further developing field assessments and monitoring. The data presented in this report show that mangroves hold C-pools that are among the largest in the tropics. We found no consistent or conclusive differences in terms of belowground C-stocks across sites and by distance from the ocean. However, the ocean does affect mangrove forest stature and hence aboveground C-stocks. Small-stature stands are more often found in oceanic (fringe) settings, while large-stature stands are found in physically protected, riverine or estuarine ecosystems.
The limited samples from peatlands prevent us from drawing any broader conclusions. Clearly, more studies across Indonesian peat forest and mangrove ecosystems would be of great value. Nevertheless, although our peatland sampling was limited to relatively shallow riverine forests, these data show
Conclusions
An adult orangutan with her child hangs on trees in Camp Leaky, Tanjung Puting National Park, Central Kalimantan, Indonesia.
that even shallow-soiled peat swamps contain very large C-pools because of the combination of large trees, denser peats and significant C storage in the upper mineral soil layers. Peatlands are extremely rich in belowground C-stocks, and it is not sufficient to keep the trees standing without maintaining natural inundation processes that prevent the oxidation of organic soils.
Integrating peatlands and mangrove conservation into REDD+ mechanisms would be a strategic approach to climate change mitigation in Indonesia, especially if ecosystem adaptation to global change can be mainstreamed into development agendas. Many aspects of both mangroves and peatlands make them unique ecosystems. Improving their management, including wise use of resources, would enhance collateral benefits for both global and local communities.
Wetlands are an important and often underappreciated resource. These ecosystems include lakes and rivers, swamps and marshes, wet grasslands and peatlands, oases, estuaries, deltas and tidal flats, nearshore marine areas, mangroves and coral reefs, as well as artificial sites such as fishponds, rice paddies, reservoirs and salt-pans. Carbon accounting has been particularly difficult in wetlands because of limited information on C-stocks and on emissions and removals of other GHGs, particularly methane (CH 4 ) and nitrous oxide (N 2 O).
In the IPCC (2003) Good Practice Guidance for Land Use, Land Use Change and Forestry, wetlands were treated in an annex because of limited information available at that time. The 2006 revised National Greenhouse Gas Inventory Guidelines laid out for the first time methods for GHG accounting in these ecosystems. However, these remain incomplete. As more countries take on emission reduction commitments and as the international REDD+ mechanism becomes operational, it is important that we improve our knowledge of the carbon stores of these ecosystems, notably in terms of biomass and soil organic matter pools.
Using the methodologies and findings described in this paper, CIFOR and US Forest Services plans to undertake measurement activities with a broader scope and coverage in order to provide new knowledge for international and national policy development, early demonstration of REDD+ activities and the monitoring, reporting and verification of emission reductions. These have been the major technical barriers to the implementation of the upcoming global REDD+ scheme. Lack of
The way forward regionally and nationally appropriate default values for the IPCC equation preclude so-called Tier 2 accounting. This problem is particularly acute in wetlands.
CIFOR and US Forest Services are developing a larger project for submission to USAID with the overall goal of supporting the development of the international REDD+ mechanism in wetlands. The project will significantly reduce the above problem throughout the tropics through better characterisation of C-stocks in intact tropical wetlands and in the ecosystems that are replacing them.
The proposed project will produce maps for the tropics over four years. It will adopt a regional approach, refining the methods at each stage and updating them with new developments in remote sensing technology. The project will also develop innovative statistical approaches to large-scale assessments of carbon stocks.
The resources provided by USAID will be used to fund the work, initially in Southeast Asia. During Year 1, we will undertake the detailed conceptual work that will set the stage for the entire project. This will involve a major international workshop in early 2011. We will establish local partnerships, and all field measurements in each target country will be carried out through local partners with supervision by CIFOR and the US Forest Service (USFS). This will contribute to building local capacity to undertake carbon assessments in wetland ecosystems. As additional funding becomes available, we will move progressively to other regions. 
